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INTRODUCTION

Modern esnalytical techniques have markedly improved the accuracy
wilth which the composition of a gas can be measured. For wmany years
fuel gases were analyzed by volumetric techniques, such as the Orsat
or Podblelniak. Heating .values and specific gravities were also.
determined at atmospheric conditions for. pure components and fuel gas
mixtures, thus resulting in real gas values.. However, because of low
accuracy in the analytical methods; particularly with respect to
determination of the heavier’ hydrocarbons, differences between calcu-
lated and observed heating values were generally ascribed to experi-
mental techniques, and not interpreted on the baslis of gas law

deviations.

With the advent of the mass spectrometer, more accurate and
complete analyses of gas. mixtures may be obtained. - These analyses
are on a true mole fraction, or ideal gas, basis. Also, accurate
ideal gas heat of cowmbustion values can now be derived from the work
of Rossini et al., API Project 44° . However, full utilization of

this improved accuracy can not presently be obtained in the calcu-

lation-of real gas heating values and specific gravities. The lack
of sufficient data to.permit accurate prediction of the compressibility
factor for real gas mixtures may result in significant.differences

between measured values and those calculated from the gas analysis.
Largest deviations occur in-fuel gases containing appreciable quan-

tities of heavier constituents

An experimental program was therefore planned to obtain
compressibility factor data at 60°F and one atmosphere on fuel gas
components -and mixtures. It was anti¢ipated that these data would
provide the vasis for development of generalized procedures for
prediction of compressibility factors of gas mixtures. This project
was undertaken as part of the continuing basic research program of
the Instltute of Gas Technology, and was sponsored by The Peoples
Natural Gas Compeny. The results obtained for natural gas components

- and mixtures are reported here.

Methods used for determination of gas compressibility factor
fall into two groups: 1) gas density, and 2) pressure-relative
volume measurement. In the first group of methods, gas denslity is
measured by gas balance or by direct welghing In a bulb. The
compressiblility factor is calculated from the expression:

- | (1)
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where V 1s the volume of one mole calculated from the denslty and
molecular weight of the gas. The accuracy of thls method depends
on absolute values of pressure, volume and tewperature.

In the second group of methods, measurements of pressure and
relative volume are made over a range of pressure, and pvV or a
related parameter 1s extrapolated to zero pressure, as in the
Burnett method. A method of thls kind for use at pressures near
atmospheric was described by Jessen and Lightfoot.® Data are
obtained at two or three different pressures by confining the
sample of gas in progressively larger volumes over mercury. The
compressibvility factor 1s calculated by filtting the pV measure-
ments (V is the measured volume here) with an equation such as:

= (Vo z = (3Wo (1 + Bp) (2)

Here the accuracy depends primarily on relative volume and pressure
measurements, and constancy of temperature, rather than on absolute
values of these quantitles. Absolute values of pressure and tem-
perature affect the result in a much less critical way; that is,

by the dependence of z on Pressure and temperature, and not by the
dependence of pV and RT. Simllarly the accuracy of z for mixtures
1s not affected by the dependence of gas density on composition. ‘
However, the method 1s dependent on the linearity of z with pressure.
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According to the statistical mechanical expressions for virial .
coefficients in the equation 4

DV = RT ( 1+ Bo+0p® + ...) (3)

the second virial coefficlent, B, represents the deviation from 1deal
behavior involving collislons between two molecules.® From this
theory it also follows that the second virial coefficient for mixtures |
involves only binary lnteraction terms, and is of the form:

Bnl = X12B1 + X22B2 + stBg + e ‘1

+ 2X,X2By2 + 2X1X3Byas + 2XoXsBas + ... : (W)

where By, Bz, Bs, ... are second virial coefficients of the pure 4
components, and Byz, Bys, Be2s, ... are interaction coefficlents. '
The latter can be evaluated by experimental determination of 's q
on binary wmilxtures, together wlith knowledge of the B's for pur

components. The effect of the third v1rial coefficlent at one

atmosphere 1s very small and is considered later.

Flve components usually occur in natural gases 1ln concentrations
of 5% or more: wmethane, ethane, propane, carvon dioxide and nitrogen.
Mlnor amounts of isobutane, n- butane, isopentane and n-pentane also
occur, together with traces of heavier hydrocarbons. A review of
the llterature indicated that sufficlently reliable values of
atmospheric pressure nompressibillty factors are avallable for the ‘
ma jor components, *’% but not for the minor components. Also, although i
only very limited data were available on mixtures of these components, -
the data indicated that composition had a very sizeable effect ou
compressibllity factor.
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Therefore, compressibllity factor measurements were made on the
pure butanes and pentanes, and on a series of selected mixtures. The
interaction coefficlents among the flve major components, and of
methane with the four minor components, were determined. In addition,
the interaction coeffic*ents of n-butane with all ma jor components
was measured to orovide a basis Tor prediction of those not determined
experimentally. k

APPARATUS

The apoaratus is shown- in Wig 1. The mlxture preparation system,
gas expansion system, mercury reservoir and the lower part of the

qamercury manometer are mounted in a water bath wlth a plate-glass

front.” The temperature of the bath was maintained within O. 05° of
15.55°C (6O°W), and did not vary more than 0.01°C during any one run.

A and B are Hoke stainless steel cam- closing valves. Connection
to glass parts' is made through stainless steel Swagelok fittings and
1/8-in. stainless steel tubing sealed to the glass “with Dekhotinsky
cement. - Other valvés are Hoke toggle or needle valves. The upper
part of the lonc ‘manometer arm extends out of the bath and is equipped
with a Jackeu for water circulation. IHanometer arms and jacket are
constructed of precision bore tubing; arms 1 and 2, 12 mm ID; arm
3, 13.8 mn ID. Vacuum is naintained at 0.02 mm or less with a
mechanical vacuum pump and dry ice ¢old trap, and is read with a
tilting HMcleod” gage sensitive to.0. 0l mm Hg. Mercury levels are
read to 0. 03 m - Wlth a Gaertner lOO .cm, cathetometer.

‘ Tne mixture preparation bulbs, gas expansion bulbs, and manometer
arm 'l were calivrated try vwelght of mercury delivered. The volume
of valve 3'and the capillary manifold in the éxpansion system, and the
vdmm(wmma1mlmsAamiBaM'metqam‘Meuqmibﬂbintm
mixture preparation system, were determlned with a 10 cc gas burette.
The volurie between the top- and bottom menisci of the manometer arm 1,
and corrections for- capillary depression, were taken from Kistemaker7’3.

MATERIALS '

The hydrocarbons used were Phillips research grade According
to the supplier, purity of the wethane was 99.68 mole %, with im-
purities of ethane and nitrogen Purlity of the other hydrocarbons
was 99.9% or better. 'The carbon dioxide was Matheson, bone dry grade;
the nitrogen was Matheson prepurified Componients other than nitrogen
and ‘methane were condensed in.the freezeout trap to remove air.
The part of .the apparatus- being filled tras flushed with the component
before filling. _ :

PROCEDURE

In makinc binary mixtures the first component was measured in
the gas- expansion system. The second component was measured in the
mixture preparation system by means of manometer arms 2 and 3.

Then valve A was closed and the gases were mlxed by belng forced
from one buret to the other several times. A similar procedure was
folloved in making multicomponent mixtures, except that the inter-
mediate components were.measured one at a time in the mixture prep-
aration ouret_and transferred to the gas expansion buret. Gas
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remaining in the sectlon between valves A and B afuer the transfer
was discarded. , :

. In most'cases, the two upper bulbs of the gas expansion buret
were filled to a. pressure of about 950 mm Hg. Three to five readings

of the top and bottom of the mercury menisci in the two arms of the

manometer, and of a reference point. on’ manometer arm 1 were taken.

The position of the wmercury vas ‘changed a millimeter or so for each
reading, to wminimize, the erfect of local imperfections of the
manometer tubing and platé glass window. Similar readings were
taken after the gas was exnanded to 111 all three bulbs. Measure--
ments on Cs hjorocarcons nad to be: taken at lower pressures; a
maximum of . about 80% of" saturatlon pressure was used.

The apparatus wvas constructed with three bulbs to allow measure-
ments at three different,pressures on the same cnarge_of gas 1n order
to detect variation of the slope in equation (2) with pressure.
However, from variances of the pVv measurements at different pressures,
it was concluded that better accuracy might be obtained if only the

‘larzer volumes vere. used since volume measurement as well as pressure

measurement contributed to the error. - Accordingly, data at lover
pressures was obtalned by removal of part of the semple and repeatlng
weasurements on the’ same two comolnations of” bulbs

Data ‘were. fitted to equatlon (2) by least squares computation
on &n Alwac III dlrital computer.u ;f~ ,

COMPRASSIBILIWY FACTORS OF FURE COMPONENTS

Results- for the. coefflcient /3 equation (2) obtained cn C4
and. Cs oaraflln hydrocarbons -are présented 1n Table 1. Determina-
tions at lower: pressures. ‘were, made as' g part of Runs. 2. and 6 on
n-butane, and of ‘Runs 3 and 4 on isobutane, to detect the change
of coefliclent wish: pressure.» A trend in the direcilon of smaller
nunerical values of ‘the coefficient at lower. pressures is evident.
Such tests were confined to the Ca hydrocarbons, since the effect
is barely detectable with them and is likely to be less with lighter.
nydrocaroons and with mixtures,. .Determination on the Cs hydro-
caroons at necessarily lower pressures would not yield significant
results on hﬂlS question.

In order to obtain the oest value of 1-z (l atm, 60°F), the third
virial coefficient was; 1ntroduced to . account fo .ne‘observed :
trend of I vith pressure-“ RIS . : S

W »= ) : .2- .: :
T§v76— 1+Bp+Cp ) | | (5)

An approx1maulon formula was derived from which wvalues of B and C/B
could be evaluated from two measured values of and the average

~initial and final pressures, pi and pz’ of each’'run

-B=_.ﬁ[1-§(pl+pz)] e

The ratio C/B .was evaluated by appllcatlon of formula (6) to-the data

from pairs of runs on the same sample, one made at normal pressures




Table 1.

AT 60° F.

Run No. é (atm )

n-Butane
1 -0.03413
2a -0.03466
2b- -0.03433
-2¢ -0.03422
> -0.03423
4 -0.03453
5 -0.03411
6a -0.03437
6b -0.03297
6c -0.03416
Isobutane
1 -0.03022
2 =0.023893
Ja -0.03013
b -0.02973
4a - =-0.03022
4p -0.02942
EFPentane _
1 -0.0550%4
2 -0.05632
Isopentane
1 -0.05199
2 -0.05076
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GAS TAY DEVIATIONS OF C4 AND Cs PARATFIN HYDROCARBONS

Atmospheric
Gas Lavw
_ Deviation
‘D, + Do (atm) h=1-2
1.901 0.03361
1.826 0.03417
1.437. "0.03410
1.04Y 0.03419
1.849 . 0.0337h
1.830 0.03404
1.846 0.03362
1.862 0.03387
1.458 0.03370
1.027 0.03414
@1ghued Avg 0. 03394
“Io. 00008 (a
1.894 0.023982
1.891 "0.02953
1.889 0.02973
0.937 0.02970
1.881 0.02982
0.895 0.02947
Welghted Avg+o 02971
Z0. 00010 {a
0.578 0.05570
0.525 ; 0.05703
Welghted AvgO. 0565
Z0.0007 (b
0.723 0.05236
0.766 0.05107
Welghted AvgO. 0518
20.0005 {b

From pooled variance of b values for both butanes.

From variance of the pV wmeasurements.

)

)

)

)
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and the other at about half the normal pressures. Runs 2a wilth

2¢, and 6a with 6¢, on n-butane, and Runs 3a with 3b, and ¥a with
b, on isobutane, glve C/B ratios of 0.016, 0,007, 0.01% and 0.026,
respectively.- The average of the .four, weignted according to the
varlance of the pV. measurements, was 0.015; 1ts standard deviation,
also calculated from- the variance of the pV measurements, was 0.006.

It was. desirable to anply similar- corrections to our results
for Cs hydrocarbon and mlxtures. However, the C/B ratio for
lighter gases at 60°F is: smaller than those observed for the
butanes, e.g., ethane, 0.0061’3, yhile higher ratios are theoretically
expected for heavier hydrocarbons®., The observed ratio of C/B for
the butanes vas approximately equal to B/2. ' In order to correct
our results on a consistent basls over :the complete range of
deviations, we adopted a C/B ratio of B/2 for all the hydrocarbons
and mixtures.‘ ,

Gas lav deviations of the C4 and Cs hydrocarbons, in the form
of 1-z . . for easy comparison with the uncorrected values,
are shovm in Table 1. Maximum error of the compressiBility factors
of the butanes is estimated to, be O O/p, and for the pentanes, 0.1%.

Values of gas law deviations for. pure components used in the
calculation of data on mix tures are collected in Table j

BINARY INTERACTION CO"“FICIENTS

Interaction coefficients determined oy measurement of the
“omDressioility factors of blnary mixtures of natural gas components
are presented in Table 2. -These have been calculated by means of
the mixture rule.of equation (%) but ‘using the gas law deviation
(1-z) “+ rather than actual second wvirial coefficients. Since
the third and higher virial coefficlents mske only a small con-
tribution - (maximum about 1%). to the deviation, error from this
aoproximation should not be significant o

Estimated standard deviations ‘'of the methane - n-butane and
methane - n-pentane averages are 0.00034 and 0.00045, respectively.
The estimated standard: deviatlon of otber average 1nteraction
coeff1c1ents is 0O, OOO22. _

Agreement of experimental qas law dev1ations vith the mixture
rule was tested Dby determinations of interaction.coeffilcients on
1:3 and >:1 mixtures of methans with n-butane, and of carbon
dioxide with n-buténe. 0On the carbon dioxide - n-butane system,

agreement is Within experimental error and no trénd is apparent.

On the methane - n-butane system, & trend of increasing interaction
coefficient with Increasing methane content is noticeable however,
the difierence ‘between 3:1 and. 1:3 coefficients is not s1nnificanu
at the 90% confidence level. Compressibility factors of the methane -
n-butane mixtures calculated from. the average interaction coefficient
reported in Table 2 agree with the determined values within 0.06%
maximum deV18ulOn, and agree to 0.03% on the average.
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OMPLEX MIXTURES

In the Penedlct-iWebb-Rubin equation the linear square root
combination 1s used to predict constants for mixtures from con-
stants for the pure components for the second virial terms. Applled
t0 our parameter this yields

s [Z "ibi*-/z] o C z SR 3;‘;, xiijil/z"’j‘/z (7)

Comparison rith eguation & indicates that interaction coefficienus/
for a given component. } should: 1ie on a. straight line of slope b */ 2
if plotted against bo'/2. This plot is shovn 1in Fig. 2. peri—
mental points fall “easonably close to the predicted value, except
for carbon dioxlde mixtures. In order to retain the advantages of
the linear square root cowbination for calculating the compressi-
pility factor of complex mixtures, a pseudo. b value for carbon
dioxide has been calculated (Taole 3).

Tvo four component mixtures . wvere. p?epared and their gas lav:
deviations measured to test methods of predicting the cowpressi-
bility factors of complex mixtures. . The measured values are
Dresented in Table 4, toLether with values calculated ‘oy:

1) Linear combination. of gas law deviations of" comnonents,

2) Mixture rule with binary interaction coefficients,equauion.(“), and
3) Llnear scuare root combination of 'gas law deviations of pure
components equavion, (7), with the pseudo deviation for carbon

dioxide. .

These results indicate that the compressibilit factor of complex
mixtures can’ be. calculated by either 2) or 3) with an accuracy

of 0.03% or'bétter. ' This represents a distinct improvement over

the linear comoination.

Heating values of gas mixtures are sometimes calculated by
a summing of terms of the form x 10 where EE 1s the real gas
heating value of the pure componént. Thils fo &13 ylelds values
for the tvo mixtures in Table 4 which are about 3 Btu per SCF, or -
almost 0.3%,. too high. As a result.of this .study it is recommended
that the heating value be calculated on the basls of the ideal gas
heating values, and be corrected for nonldeallty by the mlxture
compressibility factor, calculated. by either of the recommended

‘combining rules, methods: 2) or 3). By this procedure the error

of calculation for the mixtures in Table 4 1s reduced to only
0.3 Btu/SCF, or 0. 03%. .
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Table 3. GAS LAW DEVIATIONS OF NATURAL GAS COMPONENTS AT 60°F
AND ONE ATMOSFPHERE

Hydrocarbon
Methane

Ethane

Propane
Isobutane
n-Butane
Isopentane
n-Pentane
Nitrogen
Carbon Dioxide

Gas Law
Devliation
b=1-2

0.0019

- 0.0084

0.0180

0.0297 —
0.0339

0.0518

0.0565

0.0003

0.0057*

Source

APTY
APT® .
APT
IGT
IGT
IGT
IGT
NBS*
NBS*

.* For calculation by linear square root combination, use the.
pseudo value, b = 0.0041.

Table 4. GAS LAW DEVIATIONS OF FOUR COMPONENT MIXTURES AT
60°F AND ONE ATMOSPHERE _

Methane, mole %
Ethane, mole %
Propane, wole %
Nitrogen, mole %
Carbon Dioxide, mole %

asured
bm meas

b, calculated* (1)
(2)
(3)

*.bm calculated fme‘:(l)
(2)
(3)

Mlxture 1~

67 .41

16.37
5.30
10.89
0.00
0.00274

0.00364
0.00292
0.00285

n

L xyby
Zx b4‘L+22x‘L ; 13
g Z xibil/z)z

1]

1

Mlxture 2
64 .14
20.68

5.02

0.00
10.16

0.00331

0.00544

0.00357
0.00362°
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